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Northrop Grumman Systems Corp., Baltimore, Maryland 21240, USA (Dated: 24 February 2017) We demonstrate Josephson junction based double-balanced mixer and phase shifter circuits operating at 6-10 GHz, and integrate these components to implement both a monolithic amplitude/phase vector modulator and an I/Q quadrature mixer. The devices are actuated by flux signals, dissipate no power on chip, exhibit input saturation powers in excess of 1 nW, and provide cryogenic microwave modulation solutions for integrated control of superconducting qubits.
I. INTRODUCTION
Control of superconducting qubits has, to date, relied almost exclusively on roomtemperature generated signals. While state-of-the-art room temperature control techniques have been tremendously successful, 1,2 the engineering challenges associated with the delivery of high bandwidth microwave signals to the qubit chip, including thermal management, signal integrity, 3 packaging, wiring, 4 and device layout, are poised to become key bottlenecks in larger quantum information systems.
A nascent strategy for alleviating the room-to-cryo bandwidth bottleneck is to integrate microwave multiplexing, routing, and modulation circuits in the cryogenic environment alongside the qubits. 5 Several groups have recently demonstrated Josephson junction based amplifers 6, 7 and circulators, 8, 9 as well as switches for on-chip routing; 10-12 however, there is still a need for microwave modulation technologies 13, 14 that can meet the dissipation and power requirements associated with integrated qubit control. Here, we describe a doublebalanced mixer and a phase-shifter that are built in a superconducting integrated circuit with Josephson junction active elements. We use these components to implement a monolithic Josephson junction vector modulator, as well as an I/Q quadrature modulator-a device that is used ubiquitously to generate shaped microwave pulses for qubit control.
The devices operate in the 6-10 GHz band with no on-chip power dissipation, greater than 1 nW saturation power, greater than 25 dB LO/RF isolation, and with a DC-850 MHz IF bandwidth.
II. DOUBLE-BALANCED MIXER
The prototypical room-temperature double balanced mixer is built with four diodes arranged in a bridge configuration, with the LO and RF ports of the mixer coupled respectively to the common and balanced modes of the bridge. operating at ω 0 /2π = 10 GHz); this limits the saturation power in these devices to picowatt levels. By using junction arrays in our devices instead of single junctions, we can increase their saturation power to the nanowatt scale, which makes them relevant to qubit control applications.
To design the Josephson double-balanced mixer we first construct a coupled-resonator band-pass embedding network following the procedure outlined in Ref. 10 . We use a 4-pole network with Chebychev response, a center frequency of ω 0 /2π=8 GHz, and a target bandwidth of 4 GHz. The resulting network, shown in Fig. 1(a) , has four parallel LC resonators R 1 -R 4 , coupled with admittance inverters {J ij } whose values, having units of 1/Ω, are calculated from the filter prototype coefficients {g i }. 16 We implement the first and the individual loops-essentially low-inductance rf-SQUIDs-mono-stable for all phase bias.
The array, therefore, does not have a lower energy state that can be reached by a phase slip event. In total our mixer, with each of J 1 -J 4 replaced by an 80-junction array, contains 320 junctions.
If the array is sufficiently long so that edge effects can be neglected, we can approximate its inductance by assuming translational invariance 24 and finding the equilibrium phase drop across each of the junctions, δ 0 , as a function of an applied phase bias, φ ext , across each stage of the array:
The total inductance of the array is then found by:
where u is the potential energy per array stage. Evaluating the derivatives in Eq. (2), we obtain: We first characterize the operation of the mixer under static bias conditions. Fig. 3(a) shows the transmission, S 21 , of the mixer as a function of frequency and IF voltage as applied to the chip via a room-temperature 1 kΩ resistor. The input power to the device was −76 dBm; we observed no difference in the device behavior at lower input powers. The raw data in the figure represents S 21 at the reference plane of the network analyzer, and includes a −50 dB fixed attenuator at the device's input, a +26 dB amplifier at its output, and Next, we characterize the response of the mixer to a sinusoidal signal applied to its IF port. We fed a 7.5 GHz, −76 dBm carrier tone to the mixer LO port and monitored the output from its RF port with a spectrum analyzer; the spectra are shown in Fig. 4 Because the mixer is non-dissipative and has no gain, it is not expected to contribute its own noise to the signal. However, noise associated with the DC flux and IF control lines will, in general, result in both amplitude-and phase-modulation noise imprinted on the RF output. From the data in Fig. 3(c) we can calculate the mixer sensitivity to control noise, and if the DC and IF lines are both matched and thermalized to 4 K then we expect both amplitude and phase noise power density to be less than approximately −157 dBc/Hz, referenced to the LO input power. Flux noise in the balanced bridge and critical current noise in the junctions will have an additional contribution to the overall modulation noise on the signal.
III. PHASE SHIFTER
Having 
IV. MICROWAVE MODULATORS
The device shown in Fig. 6(a) is a monolithic vector modulator, constructed by concatenating the phase shifter described above and the balanced mixer of Fig. 2 mismatches between the output of the phase shifter and the input of the mixer.
In a final experiment, we used the vector modulator, Fig. 6(a) , and the balanced mixer, We further demonstrated a monolithic vector modulator and an I/Q quadrature mixer built with these components. These devices operate with no on-chip power dissipation, 4 GHz LO and RF bandwidth centered at 8 GHz, and DC-850 MHz IF bandwidth. We have shown that by using Josephson junction arrays in place of single junctions we can significantly increase the saturation power of this type of devices, from the typical picowatt levels common in single junction devices, to the nanowatt level in the devices presented here. These devices provide microwave modulation solutions that operate in the cryogenic environment, can be integrated with or nearby a quantum processor, and join a growing family of microwave switches, amplifiers, and circulators that enables integration of qubit control and readout functionality in the cryogenic space.
